a r t i c l e s Chromatin structure, gene-regulatory proteins, histones and DNA modification vary temporally with gene expression. DNA structure and topology also may regulate and be modified by nearby genetic activity 1 . Transcribing RNA polymerase generates supercoils in the DNA template 2 , potentially facilitating or impeding DNA-dependent processes 3 . Thus, besides serving as a passive information repository, DNA could actively participate in the real-time regulation of gene activity. Many studies have focused on the dynamics and functions of proteins regulating transcription; in general, these studies have not considered the role of DNA structure and topology in gene regulation.
a r t i c l e s Chromatin structure, gene-regulatory proteins, histones and DNA modification vary temporally with gene expression. DNA structure and topology also may regulate and be modified by nearby genetic activity 1 . Transcribing RNA polymerase generates supercoils in the DNA template 2 , potentially facilitating or impeding DNA-dependent processes 3 . Thus, besides serving as a passive information repository, DNA could actively participate in the real-time regulation of gene activity. Many studies have focused on the dynamics and functions of proteins regulating transcription; in general, these studies have not considered the role of DNA structure and topology in gene regulation.
In the 'twin domain' theory (twin supercoiled domain), threading of DNA through the transcription machinery, along a helical path, dynamically drives positive supercoils ahead and negative supercoils behind the translocating RNA polymerase 2 . Negative supercoils untwist while positive supercoils overtwist DNA. Proceeding without pause, RNA polymerase would generate approximately seven supercoils per second 4 ; unless dissipated, this torsional stress would rise to enormous levels disruptive to all genetic processes 1, 5 . DNA topoisomerases transiently break and rejoin the DNA backbone to remove positive and negative supercoils 6 . Depending on the intensity of ongoing transcription and the disposition of topoisomerases, local supercoiling might exceed the relaxation capacity of nearby topoisomerases, leaving the residual DNA torsional stress to propagate through the surrounding chromatin 7 . This stress might influence the binding of regulatory proteins to DNA, change nucleosome dynamics and reorganize chromatin fibers 3 . Supercoiling may also drive duplex B-DNA into single-stranded or other non-B-DNA conformations that alter the ability of DNA and chromatin to loop and twist, potentially modifying the function of enhancers and other cis control elements 8 . Proteins that bind non-B-DNA may require alternative structures, and because non-B-DNA is incompatible with nucleosome binding, such structures may sustain nucleosome-free regions 9 . As the magnitude and distribution of supercoiling forces throughout the genome are not known, the extent to which any or all of these potential regulatory mechanisms are realized in vivo has been a matter of speculation.
The accumulation and propagation of torsional stress along a DNA fiber depends on the rate of transcription, the length of the transcribed unit and the arrangement of promoters (for example, divergent transcription would generate mutually reinforcing upstream negative supercoils) 10, 11 . How torsional stress is transmitted through DNA will depend on the topological domains formed by protein-DNA interactions or by the anchoring of DNA to immobile nuclear structures 12 ; such domains may concentrate or exclude supercoils. The binding of proteins, nucleosome positioning and histone modifications might all influence the transmission of torsional stress or the activity of topoisomerases. Fundamental to elucidating the role and the control of torsional stress in gene regulation is the understanding of its disposition within chromosomes.
Whether metazoan chromosomes (such as those in bacteria) are organized into supercoiled domains and whether such supercoils are regulated or regulatory remains controversial 13 . Supercoiling of intracellular DNA has been estimated from the intercalation of Transcription has the capacity to mechanically modify DNA topology, DNA structure and nucleosome arrangement. Resulting from ongoing transcription, these modifications in turn may provide instant feedback to the transcription machinery.
To substantiate the connection between transcription and DNA dynamics, we charted an ENCODE map of transcriptiondependent dynamic supercoiling in human Burkitt's lymphoma cells by using psoralen photobinding to probe DNA topology in vivo. Dynamic supercoils spread ~1.5 kilobases upstream of the start sites of active genes. Low-and high-output promoters handled this torsional stress differently, as shown by using inhibitors of transcription and topoisomerases and by chromatin immunoprecipation of RNA polymerase and topoisomerases I and II. Whereas lower outputs are managed adequately by topoisomerase I, high-output promoters additionally require topoisomerase II. The genome-wide coupling between transcription and DNA topology emphasizes the importance of dynamic supercoiling for gene regulation.
a r t i c l e s psoralen derivatives into DNA; intercalators generally insert between the bases of underwound rather than overwound DNA where the bases are squeezed together 14 . Recent studies in yeast and flies have provided a coarse-grain view of the distribution of torsional stress along chromosomes, but low resolution has hampered analysis of the factors governing the generation, relaxation and transmission of supercoiling at individual genes in vivo 15, 16 . Site-specific experiments using Southern blots at several genes 14, [17] [18] [19] [20] showed that although the genome is generally relaxed, supercoiled DNA exists at a few loci in mammalian and insect cells. This supercoiling remains largely unstudied. Torsional stress has also been measured by monitoring the supercoiling of episomes recovered directly from cells before or after excision from chromosomes, and it has been inferred from supercoil-dependent structural transitions in DNA or from the activity of supercoil-dependent recombinases 7, 12, 21 . The low resolution or low throughput of these methods has provided a limited view of the interplay between the factors determining the generation, relaxation and transmission of DNA supercoiling in vivo.
To address these issues, genomic oligonucleotide microarrays were probed with DNA photo-cross-linked by psoralen in vivo. Highresolution mapping revealed dynamic supercoiling transmitted approximately 1.5 kilobases (kb) upstream from transcription start sites (TSSs) to be a characteristic of virtually every transcribed gene. High-output promoters sustain high levels of supercoiling that are counterbalanced by the recruitment of topoisomerases. Topoisomerase I (Topo I) and topoisomerase II (Topo II) are differentially recruited and distinctly deployed, illustrating the interconnection between DNA supercoiling and gene regulation.
RESULTS

Overview of the approach
As is well established, psoralen permeates cells, intercalates preferentially into underwound DNA and cross-links complementary DNA strands upon exposure to ultraviolet (UV) light 22 (Fig. 1) . Because psoralen intercalation is also favored by high AT content but disfavored by nucleosomes and other DNA-protein interactions 16 , corrections for sequence and chromatin must be made to estimate supercoiling in vivo. To quantify transcription-generated torsional stress-dynamic supercoiling-psoralen intercalation was compared between actively transcribing cells and cells in which transcription was specifically inhibited just before cross-linking. This comparison was intrinsically normalized for the effects of sequence and longlived DNA-protein interactions (such as nucleosomes) to highlight the effect of dynamic supercoiling on psoralen cross-linking.
To measure cross-linking genome wide, Raji human B cells were treated with psoralen and UV light in G1 phase to minimize the influences of replication and mitosis on DNA topology 7 . Genomic DNA was recovered, sonicated, denatured and electrophoretically fractionated to resolve slowly migrating cross-linked DNA from the faster-migrating un-cross-linked DNA. The cross-linked fraction was expected to be enriched for DNA negatively supercoiled at the instant of irradiation (Fig. 1a) . The separated fractions labeled with Cy5 or Cy3 were hybridized to high-density oligonucleotide microarrays spanning ENCODE regions 23 . The log ratio (cross-linked/uncross-linked) of the fluorescent signals, defined as the cross-linking level (CL), provided a continuous picture of psoralen intercalation as a function of genome coordinate. Two computationally smoothed examples are provided (Fig. 1b) . The CLs of promoters differed markedly from the CLs of intergenic regions, thus reflecting differences in DNA topology, GC content or specialized chromatin structures. Therefore, the absolute CL from untreated cells was not immediately instructive about the level of dynamic supercoiling.
Because physiologically achievable levels of negative supercoiling increase psoralen intercalation by only about two-fold relative to that for relaxed DNA 14 , the resulting signal-to-noise ratio demands experimental replication to achieve statistical significance. Three biological replicates were required for significance of the CL profiles and other maps analyzed here (Supplementary Note) . The data were averaged across replicates, and high-frequency noise was filtered by Fourier convolution smoothing 24 (supercoiling levels would be expected to fluctuate on the scale of the torsional (~300 base pair (bp)) and bending (~150 bp) persistence lengths of DNA, not base pair to base pair). To observe the transcription-dependent supercoiling, the CL maps were compared between cells treated with an inhibitor of transcription elongation and untreated cells. Similarly, to reveal the dynamic character of DNA supercoiling and to examine its regulation, untreated versus topoisomerase inhibitor-treated cells were compared. Because different inhibitors act at different points in the topoisomerase reaction cycle, changes in DNA topology subsequent to treatment should reflect their modes of action 25 .
To relate supercoiling with transcription, nuclear RNA was hybridized with these same microarrays. To correlate with psoralen Figure 1 Psoralen photobinding is a genome probe to detect DNA supercoiling in vivo. (a) Overview of the approach: treatment of cells with psoralen followed by UV irradiation produces DNA interstrand crosslinks. Thermal denaturation of genomic DNA fragments results in the formation of two fractions: the cross-linked fraction (XL) migrates slowly in gels, whereas the un-cross-linked (non-XL) population is composed of rapidly migrating single-stranded DNA. After electrophoretic separation, these fractions are purified, fluorochrome labeled and hybridized with densely tiled oligonucleotide arrays. The genomic distribution of the ratio of cross-linked and un-cross-linked DNA (log 2 scale being 0 at the global mean) represents the efficiency of psoralen intercalation. npg a r t i c l e s intercalation, genes were ranked lowest to highest according to RNA expression. Quintiles of expression were classified as a percentage of maximal expression: low (0-20%, 20-40%), medium (40-60%, 60-80%) and high (80-100%) (Supplementary Note). Because closely spaced TSSs, especially divergent promoters, could confound analysis 7 , such promoters were separately analyzed (Supplementary Note). This meta-analysis assumed that the ENCODE gene set was representative of the entire genome.
Dynamic supercoils upstream of promoters
The dynamic range of gene expression is so large that, at the extremes, mechanistic and structural differences might obscure the elastic response of chromatin to applied torque. Therefore, the smoothed CL profiles of 8-kb windows surrounding TSSs of genes with low (0-20%) and medium (60-80%) expression were compared to determine whether modest differences in torsional stress were detected. Meta-analysis of the data for both sets of promoters revealed troughs of CL ( Fig. 1c) at TSSs that largely reside in psoralen-unfriendly CpG islands and are laden with transcription and chromatin complexes. The CL profiles were generated also for cells treated with 5,6-dichloro-1β-d-ribofuranosylbenzimidazole (DRB). DRB rapidly enters cells, specifically inhibits CDK9 phosphorylation of RNA polymerase II at the C-terminal domain and blocks transcription pause release 4 . After brief DRB treatment, the CL profile should reflect static properties, such as sequence and chromatin structure, but not dynamic supercoiling that was expected to be drained by topoisomerases and diffusion of torsional stress away from TSSs. (An alternative drug, α-amanitin, permeates cells and inhibits transcription too slowly to allow study of dynamic supercoiling 26 ). Indeed, the differences in the CL between DRB-treated and untreated cells were maximal near TSSs and gradually declined up to ~1.5 kb upstream for moderately expressed genes ( Fig. 1c) , whereas for weakly expressed genes the CL remained small and diminished more quickly upstream of the TSS with or without DRB inhibition of transcription, just as predicted.
To confirm that DRB-elicited CL changes reflected dynamic supercoiling and not large-scale chromatin rearrangements, nucleosome occupancy was monitored across the same gene set analyzed with psoralen cross-linking 27 . Although the nucleosome profiles of active versus inactive genes were distinct (downstream of TSSs, active genes had fewer but more well-positioned nucleosomes than inactive genes, as previously noted 28 ), neither set was affected by DRB treatment ( Fig. 2a) . Thus nucleosome rearrangement cannot explain the changes in psoralen cross-linking provoked by DRB. The accessibility of upstream internucleosomal linker DNA to non-nucleosomal chromosome proteins H1 and HMG14 was evaluated by chromatin immunoprecipitation (ChIP) assay in the presence and absence of DRB across a panel of 15 genes expressed at different levels ( Fig. 2b) . As expected, binding of these factors paralleled decreased expression, irrespective of DRB treatment. Dynamic supercoiling seemed likely to explain the difference in psoralen binding upstream regions of active versus inactive genes. We defined a parameter called cross-linking difference (∆CL) to be a metric of dynamic supercoiling; ∆CL = CL +DRB -CL -DRB (Supplementary Note). ∆CL was defined to give negatively supercoiled regions a negative value; segments devoid of dynamic supercoils have a ∆CL near zero. ∆CL reports only transcriptiondependent psoralen cross-linking while subtracting the influence of static DNA-protein interactions and DNA sequence. ∆CL profiles in a 4-kb window surrounding TSSs (Fig. 2c) decayed to baseline at about 1.5 kb from the TSSs of highly expressed genes and were further reduced and absent at weakly and nonexpressed genes, respectively. As the twin-supercoiled-domain theory predicts, ∆CL is diminished within gene bodies, where each RNA polymerase is a node between positive and negative supercoils ( Supplementary Fig. 1a) , and so between pairs of elongating polymerase, positive and negative supercoils cancel 2 . In gene bodies, nucleosomes are disrupted and reassembled during transcription; for these reasons, we focused on upstream regions, where interpretation is simpler, dealing mainly with negative supercoils emanating from TSSs. Dynamic supercoiling should increase with transcription; at steady state, the torsional stress generated will be balanced by topoisomerase activity. If torsional stress is freely transmitted through DNA fibers, then increased supercoiling near TSSs will be propagated farther upstream, unless there are barriers to twist and writhe diffusion. To assess the relationship between dynamic supercoiling and promoter output, ENCODE genes were ranked by expression, and the average ∆CLs from the TSS to -800 bp versus -4,800 to -5,600 bp were compared by sliding-window averaging across the expression spectrum ( Fig. 3a,b) . ∆CL was near zero in far-upstream regions, independent of expression, but at TSSs, ∆CL was clearly more negative with high expression. Thus dynamic supercoiling is a local feature of active promoters and not a characteristic of large chromosomal domains.
Dynamic supercoiling is associated with promoters but not enhancers. Although enhancers bind RNA polymerase, the output of enhancer RNAs transcribed from these regions is meager compared to that of promoter-sponsored transcription 29 ; concordantly, ∆CL was at background levels for enhancers, irrespective of distance to their associated promoters (Supplementary Fig. 1b) . CTCF is a multi-zinc-finger protein mediating looping between remote regions of the genome 30 ; CTCF sites were not associated with changes in ∆CL, which indicated that CTCF-bounded loops do not comprise a capacitor for transcription-generated supercoils (Supplementary Fig. 1c) .
To get a finer view of dynamic supercoiling upstream of TSSs, the ∆CL from -2 kb to +2 kb was graphed across a moving window through the expression spectrum. ∆CL strongly correlated with transcriptional activity, as predicted by the twin-supercoiled-domain theory. Weakly expressed genes showed only a small dip in the ∆CL close to the TSS, but as RNA production increased, the ∆CL signal spread up to 1.5 kb upstream (Fig. 4a) . ∆CL became increasingly negative as gene expression increased to up to 80% of maximal expression. Beyond 80%, DNA supercoiling plateaued or even diminished near TSSs, which suggested that special mechanisms are marshaled to contend with the highest levels of torsional stress.
One way to reduce supercoiling near the highest-output promoters would be to recruit Topo I or Topo II more effectively. To test this, upstream regions of promoters with different outputs were analyzed by ChIP and quantitative PCR (qPCR; Fig. 4b ) with and without DRB. Topo I and Topo II bound to the DNA were trapped by using very brief treatments with camptothecin (CPT) and β-lapachone (β-LAP), respectively. CPT highly selectively inhibits strand religation during the Topo I catalytic cycle, whereas β-LAP traps Topo II during the formation of the DNA-cleavage complex and inhibits Topo I before the strand cleavage [31] [32] [33] . For both topoisomerases, the weakly transcribed genes were scarcely enriched relative to a reference intergenic region (Fig. 4c) . Whereas Topo II was dramatically recruited to highly active genes, Topo I was most efficiently recruited to the promoters of moderately expressed genes. These results confirmed the differential recruitment of Topo I and Topo II according to promoter output. To better relate dynamic supercoiling with topoisomerase activity, topoisomerase recruitment was evaluated with and without transcriptional inhibition. Whereas DRB treatment did not perturb Topo II levels, Topo I was reduced at medium-output promoters, those most sensitive to Topo I activity (Fig. 4c) . Consistent with Topo I being a supercoil-sensitive enzyme dynamically associating with transcribed loci 34 , its recruitment was dependent on transcription activation and supercoil generation. In contrast, Topo II was recruited by features other than dynamic supercoiling. Dynamic supercoiling appeared sensitive to the distribution and kinetics of topoisomerases. To confirm this, the ∆CLs of promoter regions were compared with and without topoisomerase-inhibitor treatment. Topo I nicks a single DNA strand, relaxes supercoils by rotating about the intact DNA strand and then closes the nick. CPT at the DNA-protein interface hinders rotation of the nicked DNA 35 . Consequently, in the presence of CPT, negative supercoiling should intensify transiently upstream of promoters. If the relationship between transcription and supercoiling is as hypothesized, then the ∆CL upstream of moderately expressed genes that depend on Topo I should be more sensitive to CPT than are highly expressed genes that recruit Topo II. Indeed, 5 min of CPT treatment deepened the ∆CL valley at the TSS and upstream, which indicated that Topo I activity is broadly applied at promoter regions to control dynamic supercoiling (Fig. 4a) . The effect of CPT was stronger for moderately expressed than for highly expressed genes (Fig. 5) . The short treatment ensured that the ∆CL reflected changes in DNA topology and not secondary effects 36 .
β -LAP, which inhibits Topo I before strand nicking and Topo II in the midst of DNA cleavage 31, 32 , was selected to reveal Topo II's role in resolving topological issues during transcription. Because Topo I and II are functionally partially redundant, and Topo I activity increases along with the dynamic supercoiling (Fig. 4c) , it was necessary to inhibit Topo I (in order to blunt a confounding compensatory increase in Topo I activity) and Topo II. Topo II function could be inferred from the difference between inhibition of Topo I and of both Topo I and Topo II. To trap a double-strand break, both Topo II subunits have to interact simultaneously with the drug on each strand 37 . Thus, with low β-LAP concentration and short treatments, nicks rather than double-strand breaks predominate, and diffusion of torsional stress off these nicks should result in the relaxation of regions served by the Topo II. Indeed, 5 min of β-LAP treatment uniformly relaxed upstream DNA, minimizing the ∆CL from the TSS to all upstream points (Figs. 4a and 5) . Therefore, Topo II acted close to TSSs, relaxing negatively supercoiled DNA. Topo II inhibitors that evoked a rapid DNA-damage response were not studied (Supplementary Fig. 2) .
RNA polymerase II ChIP-sequencing (ChIP-seq) data from Raji cells provided an independent measure of transcriptional activity for the ENCODE genes 38 . The ∆CL profiles of these genes were sorted by pausing index that relates RNA polymerase II density at promoters versus gene bodies 39 . Paused and elongating promoters corresponded to moderately and highly expressed genes; genes lacking RNA polymerase were designated as silent. The ∆CLs before and after inhibitor treatment followed the same patterns whether sorted by pausing index or expression ( Fig. 5 and Supplementary Fig. 3) . Thus, although Topo I predominated at medium-output promoters and Topo II at high-output promoters, the enzymes relaxed negative supercoils semiredundantly.
Fine-tuning of DNA supercoiling with topoisomerases
Two scenarios may be hypothesized for the role of topoisomerases in the steady-state regulation of dynamic supercoils. In the first, negative torsional stress generated during transcription spreads into the upstream promoter regions (Fig. 6a) , where diffusely recruited Topo I and Topo II relieve the stress. Because the probability that a segment upstream from the TSS remains topoisomerase free decreases exponentially with distance, the level of supercoiling is high near TSSs but decays sharply upstream with this model. Alternatively, if topoisomerases are recruited focally to the most dynamically stressed DNA, that is, TSSs (Fig. 6a) , then supercoiling would be reduced right at the TSS, but beyond this zone, any residual supercoiling would decay only gradually. The ∆CL patterns were compared between sets of genes with different expression to discriminate between these possibilities. Whereas the ∆CL upstream of moderately transcribed genes decayed rapidly, suggestive of diffuse topoisomerase recruitment, at high-output promoters, ∆CL diminished at the TSSs but thereafter declined npg a r t i c l e s gradually, consistent with focal recruitment (Fig. 6b) . The observed relationship between transcription, supercoiling and the response to topoisomerase inhibition suggested that highly active genes recruit Topo II to their TSSs, whereas weakly expressed genes do not.
Use of topoisomerase-selective inhibitors allowed estimation of the relative relaxation by each enzyme as a function of expression. CPT increased supercoiling more with medium than high expression, but with high expression, supercoils diffused farther upstream (Fig. 5) .
With β-LAP, upstream supercoiling was lost for highly active genes, whereas with medium expression, ∆CL diminished at TSSs and further declined upstream (Fig. 5) . So topoisomerases acted redundantly upstream of moderately expressed genes, but when transcription intensified, Topo II was drawn to transcription start sites (Fig. 6c) .
DISCUSSION
The role of dynamic supercoiling in the regulation and execution of genetic transactions has been incompletely described. Though torsional stress has been definitively demonstrated in naked DNA in vitro and in episomes in vivo, the pervasiveness and significance of dynamic supercoiling for most chromosomal genes is not known 7, 40 .
Recent studies that used psoralen as a probe for supercoiling in yeast revealed that distinct chromosome compartments confine different levels of DNA helical tension, but they lacked sufficient resolution to directly relate DNA topology to gene activity because yeast genes and the yeast genome are too compact to confine torsional stress to single targets, and the DNAs immobilized on the microarrays were insufficiently short to enable finer mapping 16 . A genome-wide study of psoralen binding to Drosophila polytene chromosomes was limited by the optical resolution of conventional light microscopy 15 . The present work studied ENCODE genes in their normal chromosomal context in the presence of functional topoisomerases. The resolution of high-density oligonucleotide arrays revealed the fine-grain distribution of dynamic supercoiling near promoters and its control by topoisomerases. These experiments showed that transcriptiondependent DNA supercoiling was transmitted locally upstream of promoters but that highly expressed genes relied upon Topo II to dissipate dynamic supercoiling, whereas moderately expressed genes depended on Topo I.
The level of supercoiling depends on the introduction of torsional stress into DNA and its removal by topoisomerases or by diffusion to remote regions of the genome 3 . The dynamics of supercoil diffusion depend on the properties of chromatin fibers; the positions of nucleosomes, the interactions between them, internucleosomal linkerbinding proteins and the nucleosome modifications could all influence supercoil propagation. Our analysis revealed that torsional stress is dissipated over a short range (~1.5-2 kb), which suggests that dynamic supercoiling is not usually confined by fixed boundaries in chromatin. After crossing such boundaries, focal high levels of negative supercoiling decrease abruptly 12, 19 . Alternatively, topological domain boundaries for each particular gene may be heteromorphous or transient in nature, thus resulting in variable domain sizes between similar cells. The simplest interpretation of our data is that DNA supercoiling upstream of the active promoter is established mostly by frictional restriction to DNA twist diffusion through chromatin. Contextdependent supercoiling associated with transgene location supports the idea that chromatin features may modify the distribution of supercoils 17 . Even without fixed boundaries, other architectural features, for example, divergent transcription, could modify the generation and propagation of dynamic supercoils (though the number of divergent promoters expressing both partners was too low to provide more than a hint of mutually reinforcing supercoils; Supplementary Fig. 1d and Supplementary Note). Meta-analysis of the ∆CL between convergent promoters was further complicated by variable gene length, multiple termination sites and engaged RNA polymerases downstream of termination sites.
As suggested by transcription defects in cells with mutant topoisomerases, proper supercoil management is required for efficient transcription 41 . Topo I and Topo II, which relax positive and negative supercoils, are fully redundant for transcription in yeast, but double mutants are severely impaired for elongation. However, in mammalian cells the topoisomerases only partially compensate for each other, which suggests specific functions for each in transcription 42 . The topological problems of gene expression may dictate specialized roles for each enzyme because the positive and negative supercoils generated during transcription distort DNA differently and reside in different molecular domains 43 . So recruitment of each topoisomerase to active genes may be context dependent 10, 44 . The results of this study reveal two characteristics of the relaxation of transcription-induced DNA torsional stress by topoisomerases.
First, both Topo I and Topo II prevent the buildup of negative supercoiling in promoter regions. Topo I is a rapid, processive, torquesensitive enzyme with low activity on nucleosomal templates 45, 46 that is well evolved to act ahead of elongating RNA polymerase, where accumulated positive torsional stress and histone modifications mobilize nucleosomes 47 . Inhibiting Topo I slows elongation in vivo 5 . In yeast, Topo II binds nucleosome-free regions near active TSSs 48 , and in mammalian cells the enzyme is enriched near the promoters of Topo II-sensitive genes 49 . In addition, Topo II activity would be favored by the crossed DNA segments 50 , as occurs when plectonemes form in negatively supercoiled DNA unbuffered by chromatin rearrangement 1, 51 . Because all elongating transcription complexes impose a 90° bend in the template, as downstream DNA is screwed into the RNA polymerase active site, the upstream DNA is translationally rotated, thus generating writhe 52 . Therefore, Topo II would efficiently relax negative supercoiling behind the transcribing RNA polymerase. The twin-supercoiled-domain model predicts that dynamic negative supercoiling is highest at the promoter 2 . Accordingly, the activity of Topo II should be localized near the TSSs of highly active genes as demonstrated here. Some of the changes in ∆CL after β-LAP treatment may arise secondarily from Topo I inhibition. Because Topo I and Topo II are partially compensatory, combinations of inhibitors and rapidly inactivateable mutants will be required to separate the contribution of each topoisomerase to normal transcription.
Second, besides draining supercoils, it may be important to sustain a steady-state level of torsional stress in upstream regions to manage supercoil-driven structural transitions that respond to ongoing transcription 7, 40, 53, 54 . The processive, fast but difficult to control Topo I 46 is reduced at promoters of highly versus moderately expressed genes. DNA relaxation at these genes is accomplished by using step-by-step DNA transport by Topo II, in which ATP-driven conformational changes accompany very transient DNA breakage 55 . Thus at highly active genes, topological homeostasis could be better enforced by Topo II. Coordinating the rates of transcription and DNA relaxation would adjust supercoiling at different genes; if so, relaxing activity would be essential not only to remove topological impediments to transcription but also to establish a sturdy level of negative supercoiling within the regulatory regions of active genes.
DNA supercoiling in regulatory pathways
Much evidence supports the idea that DNA mechanics serves a variety of regulatory functions 3, 8 . In vitro studies functionally couple chromatin structure with DNA topology 47 . DNA supercoiling may npg a r t i c l e s assist chromatin remodeling, influence chromatin and DNA structure and modify DNA-transcription factor interactions 1 . Torsional stress transported through DNA by changing the energy landscape and topology of the chromatin fiber may signal to remote sites 56 . This signal could recruit or restrict binding of DNA conformationsensitive proteins with regulatory modules 7, 53 or facilitate long-range protein-DNA interactions 47 . The same output states could be achieved only slowly by adjusting the chemical concentrations of transcription factors, whereas supercoiling has the capacity to govern a local transaction in real time. The vast intergenic regions of eukaryotes and the short range of torsional-stress propagation ensure independent topological regulation of different genes.
Finally, because the structure and mechanics of cellular RNA polymerase is conserved across eukaryotes and prokaryotes, many of the DNA topology-sensitive regulatory mechanisms in bacteria may also operate in higher organisms. Despite differences in the complexity of the transcription machinery between kingdoms, both are forced to contend with the same polymer physics: the requirement to strongly bend DNA for preinitiation-complex formation and the need to locally melt DNA during initiation 52 . Negative supercoiling facilitates both bending and melting [57] [58] [59] ; consequently, this fundamental linkage between DNA topology and transcription is conserved 13 . In gyrase-containing bacteria, genomic DNA is globally undertwisted to optimize the transcription of many genes 60 , but in higher eukaryotes, where genes are often separated by large reaches of inactive DNA, each gene may define its own topology. By coordinating topoisomerase activity with transcription, supercoiling in regulatory regions is dynamically buffered. Supercoil-assisted melting might adjust the early rate-limiting steps of transcription and influence RNA production.
As costs decline, this psoralen-based procedure for the analysis of DNA topology may be adapted for next-generation sequencing and will help to uncover other DNA topology-related mechanisms in genome functioning.
METhODS
Methods and any associated references are available in the online version of the paper.
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